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In this paper an experimental investigation on the heating experienced by the fuel when it expands through the 15 
calibrated orifices of a diesel injector is carried out. Five different geometries corresponding to the control orifices of 16 
two different commercial common-rail solenoid injectors were tested. An experimental facility was used to impose a 17 
continuous flow through the orifices by controlling the pressures both upstream and downstream of the restriction. Fuel 18 
temperature was controlled prior to the orifice inlet and measured after the outlet at a location where the flow is already 19 
slowed down. Results were compared to the theoretical temperature increase under the assumption of adiabatic flow (i.e. 20 
isenthalpic process). The comparison points out that this assumption allows to predict the fuel temperature change in a 21 
reasonable way for four of the five geometries as long as the pressure difference across the orifice is high enough. The 22 
deviations for low imposed pressure differences and the remaining orifice are explained due to the low Reynolds 23 
numbers (i.e. flow velocities) induced in these cases, which significantly increase the residence time of a fuel particle in 24 
the duct, thus enabling heat transfer with the surrounding atmosphere. A dimensionless parameter to quantify the 25 
proneness of the flow through an orifice to exchange heat with the surroundings has been theoretically derived and 26 
calculated for the different geometries tested, allowing to establish a boundary that defines beforehand the conditions 27 
from which heat losses to the ambient can be neglected when dealing with the internal flow along a diesel injector.  28 
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LIST OF NOTATION 31 
Ao outlet area 32 
AP area submitted to heat transfer 33 
Ad adiabatic number  34 
Cd discharge coefficient 35 
cp fluid heat capacity at constant pressure  36 
Di inlet diameter 37 
Do outlet diameter 38 
e specific internal energy 39 
h specific enthalpy 40 
k thermal conductivity 41 
L length 42 
 mass flow 43 
 theoretical mass flow 44 
Nu Nusselt number 45 
p pressure 46 
p0 reference pressure 47 
pdw downstream pressure 48 
pup upstream pressure 49 
pv vapour pressure 50 
P perimeter 51 
Pr Prandtl number 52 
 heat flux 53 
Re Reynolds number 54 
Recrit critical Reynolds number 55 
St Stanton number 56 
T temperature 57 
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T0 reference temperature 58 
Tdw downstream temperature 59 
Tf fluid temperature 60 
Tup upstream temperature 61 
Tw wall temperature 62 
u flow velocity 63 
um mean flow velocity  64 
uth theoretical flow velocity  65 
GREEK SYMBOLS: 66 
a convective heat transfer coefficient 67 
b volumetric thermal expansion coefficient 68 
Δp pressure drop 69 
ΔT temperature change 70 
ΔTexp experimental temperature change 71 
ΔTth  theoretical temperature change 72 
µ absolute viscosity 73 
µb absolute viscosity evaluated at the bulk temperature 74 




Based on the attention it has been given by researchers in the diesel engine community, the direct injection system is 79 
one of the key elements on the engine's outcome. It is directly related to the air-fuel mixture quality [1][2][3], which 80 
results in a strong influence on the combustion phenomenon, thus affecting the fuel consumption and emissions 81 
[4][5][6][7]. Advancements in the direct injection systems features have been used as a vehicle to reduce both soot and 82 
NOx emissions in order to meet the restrictive requirements of the Euro 6 legislation and those to come. As a result, for 83 
instance, the injection pressure realizable by the injection systems is growing at a fast rate, already reaching 250 or 300 84 
MPa. This results in a higher complexity of the injection system, which highlights the need for advanced tools that 85 
allow to predict its behaviour at the wide range of engine operating conditions [8]. 86 
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It is therefore important to develop computational tools to simulate the internal flow through injector systems. 87 
Approaches have been made through one-dimensional modelling of the complete injector flow [9][10][11][12][13][14] 88 
or three-dimensional modelling of the nozzle flow [4][15][16][17][18]. Some of these works assume that the flow is 89 
isothermal [11][12][13][14]. Nevertheless, the raising injection pressures may also induce relevant fuel temperature 90 
changes due to friction heating or due to important fuel depressurization across the injector control orifices or the nozzle 91 
[15][16]. These fuel temperature changes, in turn, affect the fuel properties, which are strongly dependant on 92 
temperature and pressure [19][20][21][22][23]. For this reason, some modellers prefer to assume the flow along the 93 
injector as adiabatic [9][10]. However, attention has never been given to the validation of this hypothesis, which may 94 
not be true under some real circumstances. Even though the temperature difference among the fuel and the injector 95 
walls may be high, heat transfer to the surroundings is not expected to be relevant if the flow velocity is high enough to 96 
lead to low residence times of a fuel particle within the injector. However, the adiabatic assumption may not hold if the 97 
fuel velocity is too low and there is enough time for the fuel to interact with the ambient. 98 
The purpose of this work is to shed light on the previous issues by having a look at the flow through the most important 99 
restrictions in diesel injectors from an experimental point of view. Continuous flow through the two control orifices of a 100 
Bosch CRI 2.20 injector (described in [23]) and the three control orifices of a Denso G4S (which uses a three-way valve 101 
to hydraulically pilot the injector, as described in [24]) was established for different imposed pressure drops, making it 102 
possible to measure the generated increase in temperature. Results were compared to the theoretical temperature 103 
increase expected if the expansion through the orifice was isenthalpic, which includes the assumption of adiabatic flow. 104 
An analysis of the deviations in temperature increase between the experiments and the theoretical isenthalpic process 105 
was performed in order to establish the conditions under which the assumption of adiabatic flow through a diesel 106 
injector is valid. In this regard, a dimensionless parameter was defined in order to condense the information of the five 107 
tested orifices in a single parameter that quantifies the proneness of a certain orifice to exchange heat with the 108 
surroundings when working under specific conditions. 109 
 110 
2. THEORETICAL TEMPERATURE CHANGE FOR AN ISENTHALPIC PROCESS 111 
As it has been stated, the experimental results of the temperature change across the orifice upon expansion will be 112 
compared to the theoretical temperature change predicted under the assumption of adiabatic flow, with no heat transfer 113 
to the surroundings. According to the first law and in the absence of external work, this assumption implies that the 114 
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Furthermore, if the reference locations upstream and downstream of the orifice at which the pressure is controlled are 116 
placed far enough from the orifice (so as to assume that the flow velocity is similar at those locations), the specific 117 
enthalpy of the flow is supposed to remain constant along the process carried out in the experiments. Then, under these 118 
conditions, the flow may be regarded to as isenthalpic. 119 
The relationship among the specific enthalpy of the flow and its internal energy is given by Eq. (2): 120 
 (2) 
It is important to note that, due to the small diameters involved in the study, the heating induced by viscous dissipation 121 
(i.e. friction) along the orifices, or by the fact that the flow is slowed down downstream of the orifices, is deemed to be 122 
important [15][16][25][26][27][28]. Under the assumption of isenthalpic flow, this heat is supposed to remain within 123 
the fluid,  contributing to increase its internal energy and therefore its temperature while the fluid expands, according to 124 
Eq. (2). 125 
In order to calculate the temperature change in an isenthalpic expansion, let us consider the general formulation for the 126 








Note that the second term of the right hand side of Eq. (3) is null for an ideal gas (for which bT = 1), but cannot be 129 
neglected for a liquid. If the variation of the fluid properties (cp, b and ρ) with respect to the pressure and temperature is 130 
known, Eq. (3) can be integrated taking into account that the final result is independent on the integration path [29]. 131 
This implies that it is possible to determine the fluid temperature after the expansion if the temperature upstream of the 132 
orifice and the pressure both upstream and downstream of the orifice are controlled. The particular procedure applied to 133 
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calculate the temperature increase for the tested fuel is explained in Section 3.3. 134 
3.  EXPERIMENTAL TOOLS 135 
3.1 Setup and hardware 136 
 137 
Figure 1: Experimental setup for the mass flow rate measurements. The thermocouple and pressure sensor locations are 138 
shown in the diagram. 139 
 140 
Continuous flow was imposed through the restrictions under several conditions of controlled upstream and downstream 141 
pressure thanks to the experimental setup shown in Fig. 1. A fuel pump driven by an electric motor extracted fuel from 142 
a tank and rised its pressure after making it flow through a filter. The fuel was led to a commercial common-rail in 143 
which both temperature and pressure were controlled upstream of the rail by means of a water heat exchanger and a 144 
manual pressure relief valve, respectively. The orifice to be tested was fitted inside a test rig located downstream of the 145 
rail. The purpose of this test rig, specifically designed for each orifice, was to isolate the corresponding restriction so 146 
that fuel flowed in the adequate direction through the orifice and was not leaked through any other paths that could be 147 
possible during the normal operation of the complete injector. The test rig designed for the Denso G4S Outlet orifice is 148 
shown in Fig. 2 as a sample. The test rig for the measurements concerning the Bosch CRI 2.20 control orifices was 149 
already presented by the authors [14]. After the orifice, the fuel entered a discharge chamber where the pressure was 150 
controlled by means of another manual backpressure regulation valve placed downstream. The temperature jump across 151 
the orifice was determined from fuel temperature measurements carried out by type K thermocouples inserted at two 152 
locations of the high-pressure lines at which the flow was assumed to be develop and attain a similar velocity: right 153 
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after the rail and before the discharge chamber (i.e., 16 cm upstream and downstream of the orifice). Finally, the fuel 154 
was injected into a glass in which the mass flow rate  could be measured in real time thanks to a scale connected to a 155 
computer. An air-conditioning unit was used in order to control the ambient temperature and keep it below the 156 
temperature upstream of the orifice so that, in case that the heat transfer with the surroundings was relevant, it would 157 
have taken place in the same direction (from the fluid to the surroundings) for all the tested operating conditions, thus 158 
enabling comparability among tests. The mass flow measurement was recorded for each tested condition after a short 159 
stabilization time by averaging it for a period of 80 seconds. This measurement allowed to determine the orifices 160 




where the theoretical flow velocity uth is derived from Bernoulli's equation taking the assumption of negligible upstream 162 
velocity. The discharge coefficient strongly depends on the Reynolds number [30], defined as: 163 
 
(6) 
where um is the flow mean velocity, determined from the mass flow rate through the continuity equation: 164 
	
(7) 
As explained in Section 3.2, several values of upstream and downstream pressure were considered in order to ensure 165 
that the experiments were performed on a wide range of Re, which led to the orifices being tested both in the laminar 166 
and the turbulent regimes. 167 
Values of fuel density and viscosity in Eqs. (5) to (7) were taken at a mean temperature and a mean pressure by 168 
averaging the values of these conditions upstream and downstream of the orifice. More details on the fuel used in the 169 
investigation and its properties are given in Section 3.3. 170 
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 171 
Figure 2: Orifice test rig for the Denso G4S Outlet orifice. 172 
 173 
As already mentioned, the tests were carried out for five different control orifices belonging to two commercial 174 
common-rail injectors. The geometry of the orifices was determined by means of the silicone moulding and 175 
visualization technique explained by Macián et al. [31] and successfully applied in the literature [11][13]. A summary 176 
on the relevant geometrical parameters for each orifice is given in Table 1. It is important to note that three of the 177 
orifices (Bosch Outlet, Denso Inlet and Denso Control Valve)  are cylindrical and therefore prone to cavitate [32]. This 178 
could affect the fuel heating upon expansion due to the different thermal behaviour of the vapour bubbles or to the 179 
enthalpy change associated to the phase change. The significance of this fact is analyzed in Section 4. 180 
Injector Orifice Di [µm] Do [µm] L [mm] 
Bosch CRI 2.20 
Inlet 308 291 1.47 
Outlet 256 258 1.48 
Denso G4S 
Inlet 274 274 0.8 
Outlet 110 102 0.84 
Control Valve 199 198 0.75 
Table 1: Tested orifices geometrical parameters. 181 
3.2 Test Matrix 182 
Table 2 depicts the operating conditions experimentally tested. Values of pup range from 5 to 60 MPa. For each value of 183 
pup tested, a  sweep of pdw was performed in order to ensure that each orifice worked for a wide range of Re values, so 184 
that all flow regimes (laminar, transitional and turbulent) are considered in the study. The maximum pdw value tested 185 
was 12 MPa due to mechanical limitations of the discharge chamber. 186 
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pup [MPa] pdw [MPa] 
5 0.5 - 1 - 1.5 - 2 - 2.5 - 3 - 3.5 - 4 - 4.2 - 4.4 - 4.6 - 4.8 
10 0.5 - 1 - 1.5 - 2 - 2.5 - 3 - 4 - 5 - 6 - 7 - 8 - 9 
20, 30, 40, 50, 60 0.5 - 1 - 1.5 - 2 - 2.5 - 3 - 4 - 5 - 6 - 7 - 8 - 9 - 10 - 11 - 12 
Table 2: Values of pdw tested for each pup considered. 187 
 188 
3.3 Fuel 189 
A standard B20 biodiesel blend (80% diesel, 20% rapeseed methyl ester) was chosen for the study. Eq. (3) highlighted 190 
the need of knowing the evolution of ρ, b and cp with respect to the pressure and temperature in order to determine the 191 
theoretical temperature change after an isenthalpic expansion. Speed of sound measurements at different pressures and 192 
temperatures were carried out in order to determine the density following the procedure already validated by the authors 193 
[21][33]. The thermal expansion coefficient, b, was then determined through Eq. (4). On the other hand, the evolution 194 
of cp with respect to the temperature was estimated from data of pure alkanes [34], whereas its variation with respect to 195 
the pressure was taken from similar hydrocarbons [35][36]. This assumption is not deemed to introduce a noticeable 196 
error, given the low variation of cp for diesel fuels on the studied range of temperatures and pressures. With all, the map 197 
of specific enthalpy for the tested fuel was determined by applying Eq. (3) taking small variations of pressure and 198 
temperature instead of differentials (Fig. 3). 199 
The specific enthalpy data were fitted to a polynomial equation: 200 
,  (8) 
The coefficients of Eq. (8) for the tested fuel are shown in Table 3, with a statistical R2 value of 0.999967, which 201 
confirms the reliability of this regression. Eq. (8) can then be used to determine the theoretical temperature change for 202 
an isenthalpic expansion, solving the following expression for Tdw: 203 
, ,  (9) 




B20 1.973502 0.913494 2.226358 7.336523 1.369723 
Table 3: Eq. (8) correlation coefficients for the B20 fuel used in the experiments (T0 = 298 K and p0 = 0.1 MPa). 204 
 205 
A look at Fig. 3 clearly shows that the fuel warms upon expansion, since isenthalpic lines need to be followed. For 206 
instance, it can be seen that an expansion from 60 MPa to atmospheric pressure with an inlet temperature of 280 K 207 
would lead to an outlet temperature of 308 K (DT = 28 K), or an expansion from 100 MPa to atmospheric pressure with 208 
Salvador, F.J., Gimeno, J., Carreres, M., Crialesi-Esposito, M., "Experimental assessment of the fuel heating and the validity of the assumption of 
adiabatic flow through the internal orifices of a diesel injector". 
Fuel 188 (2017), pp. 442-451 (author version) 
 
an inlet temperature of 312 K would lead to an outlet temperature of 355 K (DT = 43 K). 209 
 210 
Figure 3: Fuel specific enthalpy evolution with respect to temperature and pressure. Reference: T0 = 298 K; p0 = 0.1 211 
MPa. 212 
 213 
4.  RESULTS AND DISCUSSION 214 
4.1 Orifices hydraulic behaviour 215 
The continuous mass flow measurements explained in Section 3.1 made it possible to characterize the hydraulic 216 
behaviour of each of the tested orifices. Fig. 4 shows the Cd as a function of Re for the five orifices. Focusing on a given 217 
orifice, a theoretical asymptotic trend is clearly noticed, as expected according to the literature [30][37]. Fig. 4(a) shows 218 
that the Bosch Inlet orifice does not cavitate for any condition, since increasing Re always leads to higher values of Cd 219 
(in this case, the mass flow was always found to grow linearly with the square root of Dp). The rest of orifices, however, 220 
show branches of decreasing Cd, associated to the mass flow rate collapse noticed for each value of pup from a given 221 
critical value of pdw and below. This behaviour, attributed to cavitation [38], was expected for cylindrical orifices (recall 222 
Table 1) as already reported by the authors in several works concerning diesel injectors internal flow 223 
[11][13][17][18][23]. Fig. 4(b) also shows that, among all the cavitating orifices, the cavitation intensity is lower for the 224 
Denso Outlet orifice. This fact is also explained due to its geometry, since it is slightly conical (see Table 1). Table 4 225 
shows details on some relevant parameters extracted from Fig. 4, such as the asymptotic Cd,max to which each orifice 226 
tends and a Recrit defined as the Re for which the exhibited Cd is 95% of Cd,max. This value is presented due to its 227 
importance in later sections, where it is used as the Re value that defines the transition from laminar to turbulent flow 228 
regime. 229 
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 230 
Figure 4: Cd as a function of Re for the control orifices of the Bosch injector (a) and the Denso injector (b). 231 
 232 
Injector Orifice Cd,max [-] Recrit [-] Cavitation 
Bosch CRI 2.20 
Inlet 0.92 4600 No 
Outlet 0.96 5000 Yes 
Denso G4S 
Inlet 0.91 6800 Yes 
Outlet 0.92 4100 Yes 
Control Valve 0.84 3400 Yes 
Table 4: Summary of the tested orifices hydraulic parameters. 233 
 234 
Fig. 5(a) shows the experimental temperature increase (DT) as a function of the pressure drop (Dp) for two sample 235 
orifices (Denso Outlet and Denso Control Valve). The theoretical DT corresponding to an isenthalpic expansion is also 236 
shown in the figure. As it can be seen, the experimental DT registered was always lower than the theoretical one. Since 237 
the fuel was considerably warmer than the ambient in all cases, this means that heat was being transferred to the 238 
surroundings. However, deviations are low in the case of the Denso Control Valve orifice, where the flow practically 239 
behaved as if it were isenthalpic. For each operating condition tested, the deviation among the theoretical DT for an 240 
isenthalpic expansion and the experimentally registered DT was quantified as: 241 
∆ ∆
∆
∙ 100	 %  
(10) 
The evolution of  against Dp for the three Denso injector orifices is shown in Fig. 5(b). Having a look at a given orifice, 242 
a decreasing trend is observed when Dp increases. In addition, the differences are bounded for each orifice as long as Dp 243 
is high enough. The most important differences in percentage terms take place for low values of Dp. In those cases, the 244 
flow may be laminar (the associated Re could be lower than the critical one), which means that viscous dissipation 245 
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effects become relevant. These effects, located at the boundary layer, result in a decrease of the fuel velocity close to the 246 
wall (even though viscous heating induces higher fuel temperatures also close to the wall, which act in the sense of 247 
reducing the fuel viscosity thus damping the mentioned effect), thus increasing the fuel residence times in the channel. 248 
Hence, there may be enough time for the flow to lose heat to the surroundings. 249 
In the case of the Denso Control Valve and Denso Inlet orifices, deviations are lower than 10% and 5%, respectively, 250 
except for the points at low pressure drop. Thus, it seems that the adiabatic assumption for the flow could be accurate 251 
enough for engineering purposes when dealing with these orifices as long as the pressure drop is not too low. On the 252 
contrary, differences become more important in the case of the Denso Outlet orifice, never being lower than 13%. This 253 
could be explained due to its lower diameter (102 µm): even though low diameters result in a lower effective surface for 254 
heat exchange, the reduction in cross-sectional area leads to a higher portion of the flow being affected by the boundary 255 
layer. The reduction of the flow velocity in this region results in higher fuel residence times that enhance heat transfer to 256 
the surroundings. 257 
 258 
Figure 5: Temperature increase as a function of the pressure drop for two of the orifices tested (a).  against the pressure 259 
drop for three of the orifices tested (b). 260 
 261 
4.2 Derivation of a dimensionless parameter to quantify the proneness of an orifice to transfer heat with the 262 
surroundings 263 
From the findings of Fig. 5, it seems that several parameters (such as flow velocity, viscosity - both of them linked 264 
through Re -, orifice diameter, etc.) are involved in the problem and it may be interesting to relate them in a single 265 
parameter to qualitatively quantify their effects in a combined way. This task is performed in this section. 266 
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 267 
Figure 6: Scheme of flow through a circular duct with heat exchange to the surroundings. 268 
 269 
Let us consider a fluid travelling through a channel of length L and perimeter P, as depicted in Fig. 6. The fluid enters 270 
the channel at a certain Tup temperature and leaves with a different temperature, Tdw. At any location inside the channel, 271 
the fluid is allowed to exchange heat with the surroundings since there may be a difference among its temperature, Tf, 272 
and the channel wall temperature,  Tw. In these conditions, without any additional external work, the change in internal 273 
energy of the fluid must equal the heat transferred, which yields: 274 
 (11) 
where a is the convective heat transfer coefficient and AP is the heat transfer area of the channel surface. It is then 275 
possible to define a dimensionless parameter (Ad) as the ratio among temperature changes: 276 
 
(12) 
Ad may be referred to as adiabatic number and it quantifies the temperature difference needed among the channel wall 277 
and the fluid in order for the fluid to increase its temperature in 1 K at the channel outlet. In other words, Ad measures 278 
the proneness of a flow to retain the heat within itself instead of transferring it to the surroundings. Thus, the higher the 279 








where the concept of hydraulic diameter (equal to the channel diameter in a circular channel) as the ratio among the 282 
cross-sectional area Ao and the perimeter P of the channel has been used. Hence, Ad is directly related to the diameter-283 
to-length ratio of the channel and to the Stanton number, St, which relates the heat transferred into a fluid through 284 
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4.3 Evaluation of the Ad number for the tested orifices 286 
As pointed out by Eq. (14), the derivation of Ad is consistent with the findings reported in Section 4.1: heat transfer to 287 
the surroundings is enhanced by low values of Re and low diameters for a given channel length. In this section, Ad is 288 
evaluated for each of the tested conditions for all the orifices in order to assess its usefulness. Since the thermocouples 289 
of the experimental setup described in Section 3.1 were located in the high pressure lines at a certain distance (16 cm) 290 
upstream and downstream of the orifice (recall Fig. 1), and the diameter of these lines (5 mm) differs from the orifices 291 
diameters, Ad has been evaluated taking into account three different sections (labelled in Fig. 1): 292 
- Section A: from the thermocouple upstream of the orifice to the entrance of the orifice test rig. 293 
- Section B: from the entrance of the orifice test rig to its outlet. 294 
- Section C: from the orifices test rig outlet to the location of the thermocouple downstream of the orifice. 295 
Attending to the two DT involved in the generic definition of Ad, its corresponding value among Sections A and C can 296 
be established from the following expression: 297 










For each value of Dp tested, Rei can be evaluated from the continuous mass flow measurements. Pri, in turn, can be 299 
easily calculated from the fuel properties: 300 
 (17) 
where k is the fuel thermal conductivity, which for the present investigation was taken from a generic diesel fuel as 301 
reported in [29]. With regard to the Nusselt number, empirical correlations to relate it to Re and Pr are readily available 302 
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where the last term, relating the fluid bulk viscosity (µb) to the fuel viscosity at the wall (µw), has been neglected. In the 304 





Eqs. (17) to (19) highlight the relevance of the fuel properties in the evaluation of Ad through Re, Pr and Nu. Given the 306 
important changes in fuel temperature and pressure through sections A to C in the experiments, the fuel properties 307 
involved (ρ, µ, cp and k) have been evaluated accordingly, as stated in Table 5. The criteria for the evaluation of Nu are 308 
also shown in the table. As implied by the table, the flow has been assumed to be laminar along sections A and C for all 309 
the orifices. This assumption is based on the low values of Re found from the measurements of these locations: Re < 310 
400 for the Denso outlet orifice and Re < 2600 for the Bosch inlet orifice regardless the pressure conditions tested. In 311 
the case of section B, some operating conditions lead to Re < Recrit (laminar flow) and some others to Re > Recrit 312 
(turbulent flow). Consequently, there may be cases in which the flow through sections A to C is a mixture of laminar 313 
and turbulent flow. All the calculations concerning heat transfer parameters were carried out in accordance to this fact. 314 
Mean values of Nu are thus considered for each section through the application of Eqs. (18) or (19). 315 
Section Fuel properties Nu correlation 
A Evaluated for pup and Tup Laminar flow 
B 
Evaluated for the average values of p and T upstream 
and downstream of the orifice 
Laminar flow if Re < Recrit 
Turbulent flow if Re > Recrit 
C Evaluated for pdw and Tdw Laminar flow 
Table 5: Criteria for the evaluation of the fuel properties and Nu at the different sections of the experimental setup. 316 
 317 
Fig. 7 shows the evolution of ε against Ad for all the tested points corresponding to the Bosch Outlet orifice and the 318 
Denso Control Valve orifice. A distinction is made among the operating points leading to cavitating conditions and 319 
those corresponding to non-cavitating conditions. Focusing on the behaviour for non-cavitating conditions, a decreasing 320 
trend of the deviation with the Ad number is clearly observed for both cases. This fact agrees with the purpose of the Ad 321 
number definition and is expected since the lowest values of Ad correspond to low values of Re (Eq. (14)), for which the 322 
flow along the orifice is laminar (recall Fig. 4). In the experiments, these points are found for the lowest Dp values 323 
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tested. In these conditions, the flow velocity is reduced, increasing the fuel residence time and allowing heat exchange 324 
with the surroundings. On the other hand, Ad increases for higher values of Dp, for which the flow gets turbulent and its 325 
velocity is increased, reducing the available time to transfer heat to the surroundings. With all, it can be seen that the 326 
operating conditions leading to Ad values higher than 4 lead in both cases to relatively low deviations compared to the 327 
theoretical DT corresponding to an isenthalpic expansion. Indeed, these deviations are bounded within a 10% margin, 328 
making it possible to state that the flow nearly behaves as if it were adiabatic. In addition,  is generally lower for the 329 
Bosch Outlet orifice than for the Denso Control Valve orifice. This is consistent with the Ad definition since the former 330 
generally leads to higher values of Ad than the latter due to its higher diameter. 331 
 332 
Figure 7:  against the Ad number for the Bosch Outlet orifice (a) and the Denso Control Valve orifice (b). Points 333 
corresponding to both cavitating and non-cavitating conditions are represented. 334 
 335 
Having a look at the cavitating conditions in Fig. 7, the observed values of  are more scattered than those reported for 336 
non-cavitating conditions. There seem to be groups of operating conditions that lead to the same value of Ad  but 337 
register different levels of deviation (for instance, for Ad ≈ 5.2 in the case of the Bosch Outlet orifice, there are 338 
operating conditions for which the deviation ranges among 2 and 15%). Each of these groups correspond to a given 339 
value of upstream pressure. Hence, for a given group, the deviation depends on the cavitation intensity (i.e. the lower 340 
the downstream pressure). In order to better analyse the role of cavitation in this matter, let us introduce the cavitation 341 
number CN defined by Soteriou et al. [41]: 342 
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 (20) 
where pv is the vapour pressure. This number quantifies the proneness of an orifice to cavitate. Once cavitation 343 
conditions are achieved, the cavitation intensity is higher as CN grows. 344 
Fig. 8 depicts ε against CN for the Bosch Outlet orifice. As it may be seen, this magnitude generally grows the higher 345 
the cavitation intensity. Therefore, the flow behaviour importantly departs from being nearly isenthalpic. This fact 346 
should not be attributed to the local cooling associated to the enthalpy of phase change, since other authors have shown 347 
its relatively low importance (in the order of tenths of a degree) [42]. However, it might be explained considering that 348 
the heat transfer parameters associated to the vapour bubbles (specifically the convective heat transfer coefficient, a) 349 
importantly differ from those of the liquid phase. Indeed, Bergman et al. [43] reported an increase in a with the 350 
appearing vapour bubbles that would lead to lower effective Ad values, supporting the higher deviations observed in Fig. 351 
7 for cavitating conditions. These considerations were not taken into account in the evaluation of Ad, given the 352 
difficulty to quantify the dependency of a with the cavitation intensity, but would act in the sense of collapsing the 353 
points corresponding to cavitating conditions with the ones corresponding to non-cavitating conditions shown in Fig. 7. 354 
 355 
Figure 8:  against the cavitation number CN for the Bosch Outlet orifice. Only the points corresponding to cavitating 356 
conditions are represented. 357 
In addition, for a given value of CN, the deviations are less important the higher the upstream pressure pup. This is also 358 
consistent with the commented findings regarding Dp and Ad. 359 
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At this point, it is interesting to check the behaviour of all the orifices jointly. Fig. 9 shows  plotted against Ad for all 360 
the orifices tested. Given the remarks on cavitating conditions, only the points corresponding to non-cavitating 361 
conditions are represented. The same decreasing trend that was reported for a given orifice is noticed. Given the Ad 362 
number definition, the orifices are effectively sorted by their outlet diameters (recall Table 1): the Denso Outlet orifice 363 
leads to lower values of Ad, followed by the Denso Control Valve orifice, Bosch Outlet, Denso Inlet and Bosch Inlet, in 364 
this order. This scaling with the diameter was expected as explained in Section 4.1 in view of Fig. 5. Thus, orifices that 365 
lead to low values of Ad, even for the higher Dp values tested, present high deviations with respect to the theoretical 366 
isenthalpic expansion. Hence, the deviations found for the Denso Outlet orifice are higher than 13% even for its higher 367 
values of Ad. On the contrary, since the conditions tested for the Bosch Inlet orifice never lead to low values of Ad, their 368 
deviations are bounded. In addition, the points of Fig. 9 corresponding to different orifices tend to collapse for a given 369 
value of Ad, which highlights the usefulness of this number. As it was found for a given orifice, it is possible to state in 370 
a more general way that the flow through orifices leading to high average values of Ad behaves in a nearly adiabatic 371 
manner (for instance, Ad values higher than 4 keep the deviations bounded within a 10% margin). 372 
 373 
Figure 9:  against the Ad number for all orifices. Only the points corresponding to non-cavitating conditions are 374 
represented. 375 
 376 
With all, a dimensionless number to determine in a qualitative way the proneness of the flow through a diesel injector 377 
internal orifice to exchange heat with the surroundings has been defined. It is important to state that the results here 378 
presented in terms of Ad should not be relied on quantitatively,  given the nature of the experiments. On the one hand, 379 
these experiments were carried out at a certain ambient temperature. On the other hand, the temperatures upstream and 380 
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downstream of the orifice were measured at a certain distance from the orifice itself. Thus, most of the heat transfer 381 
effectively took place in the high pressure lines connecting the orifice to the rail and the discharge chamber. However, 382 
the validity of the methodology of this study is yet not compromised since the flow through these lines was still 383 
governed by the restriction imposed by each orifice. 384 
 385 
5. CONCLUSIONS 386 
In this work, the proneness of the flow through diesel injector internal orifices to resemble adiabatic flow was assessed 387 
experimentally by carrying out measurements on 5 different orifices corresponding to 2 commercial injectors. The tests 388 
consisted on measuring the flow rate and temperature established upon an expansion through the orifice, by controlling 389 
the pressure conditions upstream and downstream of the orifices. The main conclusions of the study are summarized in 390 
the following points: 391 
 In adiabatic conditions and among two locations where the changes in flow velocity are not relevant, diesel 392 
fuel warms upon expansion through an injector internal orifice, as deduced from the null enthalpy change. 393 
 The proneness of an orifice to exchange heat with the surroundings is directly related to the Re and flow 394 
regime. Low Re values imply relatively low flow velocities, which increase the fuel residence times in the duct, 395 
thus allowing heat transfer to take place. On the contrary, high flow velocities are established for high values 396 
of Re, making it possible to neglect the heat transfer and to assume that all the heat internally generated 397 
remains within the fluid raising its temperature. Therefore, low pressure drops through an orifice induce a 398 
higher interaction with the ambient than high pressure drops. 399 
 The diameter also influences the tendency of a given orifice to transfer heat to the surroundings, and not only 400 
due to its impact through Re. This is explained since, for a given channel length, a lower diameter implies a 401 
relatively higher proportion of the flow being in contact with the channel wall, which directly favours heat 402 
losses to the ambient. In addition, these wall effects also imply the existence of a boundary layer where flow 403 
effective velocity is importantly reduced by viscosity, also increasing the fuel residence times leading to heat 404 
transfer. 405 
 It is possible to define a dimensionless parameter to qualitatively assess the proneness of the flow through an 406 
orifice to exchange heat with the surroundings depending on the pressure drop driving the flow. The definition 407 
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of such a parameter in this work (Ad) comprises all the previously stated effects for non-cavitating flows, and 408 
has made it possible to establish that heat transfer should not be neglected for orifices with small diameter, 409 
regardless the flow conditions. On the contrary, the flow can be treated as nearly adiabatic for orifices with 410 
high diameter, regardless the flow conditions. With all, any combination of orifice diameter and pressure 411 
conditions can be assessed beforehand by means of the Ad number. 412 
 With regard to cavitating conditions, the difficulty in obtaining the variation of the heat transfer coefficient 413 
with the appearing vapour bubbles does not enable the quantitative evaluation of the Ad number. However, it 414 
has been checked that the flow gradually departs from being adiabatic as the cavitation intensity grows. This is 415 
consistent with the definition of Ad since the heat transfer coefficient is deemed to increase as cavitation gets 416 
more important. Therefore, the conclusions of the study may be generally extended to cavitating conditions. 417 
 418 
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